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» Commissioner of Patents and Trademarks 
* Washington, DC 20231 


Attorney Docket No. PC-12 


Sir: 


Enclosed herewith for filing is the patent application of 
Peter K. Cheo and George G. King 

Title: MODAL DISCRIMINATING AND LINEARLY POLARIZED FIBER LASERS 
Enclosed are 3 sheets of informal drawings. 
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Modal Discriminating and Linearly Polarized Fiber Lasers 
Technical Field 

This invention relates to phase-locked fiber lasers that provide 
diffraction limited, high brightness and/or linearly polarized output 
5 laser beams, employing modal discriminating multiple cores and/or 
single or multiple oblong cores. 

Background Art 

If the cores of a multi-core fiber laser array are configured in a 
hexagonal series of isometric rings, the evanescent- wave coupling 

10 among all adjacent emitters provides spontaneous phase locking so 
as to combine the power of all supermodes coherently into a single 
bright beam centered on the fiber axis, as is described in U.S. Patent 
No. 6,031,850. Because a very strong evanescent-wave interaction 
over a very long fiber length, the double-clad multi-core fiber laser 

1 5 array is naturally phase-locked to emit all supermodes co-existing in 
the structure. In the case of a single isometric ring of six cores 
surrounding a central core, there exists five supermodes. In a large 
multicore phase-locked fiber laser system containing many isometric 
rings, there exists a very large number of supermodes, which can all 

20 oscillate within certain spectral or frequency locking range, when the 
pump power exceeds the lasing thresholds of these modes. Two 
methods commonly used to select a preferred mode from a 
multimode system are regulating the cavity width and spatially 
filtering out the unwanted modes. Both of these methods are useful 

25 only for low power lasers; for high power lasers, they are neither 
effective nor practical because a very high penalty must be paid by 
trading off output power for modal purity, 


PC-12 


- 2 - 

Prior art fiber lasers having multiple cores arranged in one or 
two isometric rings and doped with rare-earth ions can produce 
hundreds of thousands of watts of output power. The high- 
brightness beam size is typically on the order of 10 microns; 
5 therefore, the power density can be as high as 1 0 9 W/cm 2 , which far 
exceeds the power damage threshold of doped glass. 

An important characteristic of mullticore, phase-locked fiber 
lasers configured in an isometric geometry is that the polarization of 
the laser output is highly random. For many applications, a linearly 
10 polarized laser beam is desired. Use of polarization filters necessarily 
results in severe power reduction and loss of efficiency. 

Disclosure of Invention 

Objects of the invention include provision of a multicore 

1 5 phase-locked fiber laser array in which the fundamental, in-phase 
supermode is dominant, thereby emitting output power in a high- 
brightness and diffraction-limited laser beam; provision of a linearly 
polarized laser output from a clad-pumped, phase-locked fiber laser 
array; and provision of high laser power without high power densities 

20 which could damage the rare earth-doped fiber. 

This invention is predicated in part on the discovery that it is 
very difficult or impossible to eliminate all the unwanted supermodes 
naturally existing in an isometric structure having equal mode-field 
coupling characteristics, under uniform index of refraction, gain, or 

25 dimension; therefore, the output power is distributed nearly equally 
among all allowed supermodes in a phase-locked fiber laser. 
Nonetheless, the output power can be altered by using a graded 
modal discriminating characteristic having the effect of increasing 
coupling toward the center of the array to thereby concentrate 90% 
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or more of the power in a single, in-phase fundamental supermode at 
the center of the laser array. This invention is further predicated on 
the discovery that, although prior clad pumped single mode fiber 
lasers with circular cores provide output laser beams in which the 
5 polarization is highly randomly oriented, nonetheless, use of a non- 
circular core can remove the two-fold degeneracy of the HE n mode 
of a cylindrical fiber waveguide, thereby establishing a linearly 
polarized output. 

According to the present invention, a plurality of cores doped 

10 with a rare earth lasing ion, within a common pump cladding, 

includes a central core and additional cores disposed outwardly of 
said central core, and having either or both of (a) an oblong cross 
section, thereby to provide a linearly polarized output laser beam, or 
(b) a mode discriminating characteristic, such as index of refraction, 

1 5 gain or cross sectional dimension, which is graded and being lower 

for the outward cores than the central cores, thereby to transfer laser 
power coherently into a bright laser beam of the fundamental in- 
phase supermode. According further to the invention, instead of an 
array of oblong cores, a single oblong core in a very large cladding 

20 may be utilized to provide a linearly polarized output beam. 

According to the invention further, utilization of a graded modal 
discrimination characteristic provides the ability to separate the cores 
by as much as five-fold more than in the prior art, such as with 
center-to-center spacings of 1 5 to 50 microns, whereby the laser 

25 power in a single bright beam can be spread over a greater area and 
thereby provide very high power without prohibitively high power 
densities. 

Other objects, features and advantages of the present 
invention will become more apparent in the light of the following 


-4- 

detailed description of exemplary embodiments thereof, as illustrated 
in the accompanying drawing. 


Brief Description of the Drawings 

Fig. 1 is a sectional, end elevation view of a seven-core, 
5 common clad fiber for a clad-pumped fiber laser, with sectioning lines 
omitted for clarity. 

Fig. 2 is a broken away bar chart illustrating, not to a 
common scale, the index of refraction of the cores in the fiber of Fig. 
1. 

10 Fig. 3 is a perspective plot of laser power in a fiber laser 

according to Figs. 1 and 2. 

Fig. 4 is a sectional, end elevation view of a nineteen-core, 
common clad fiber for a clad-pumped fiber laser, with sectioning lines 
omitted for clarity. 

1 5 Fig. 5 is a broken away bar chart illustrating, not to common 

scale, the index of refraction of the cores in the fiber of Fig. 4. 

Fig. 6 is a perspective illustration of laser power in a fiber 
laser according to Figs. 4 and 5. 

Fig. 7 is a sectional, end elevation view of a fiber for a clad- 
20 pumped fiber laser, having a single oblong core, with sectioning lines 
omitted for clarity. 

Fig. 8 is a sectional, end elevation view of a fiber having an 
array of oblong cores, with sectioning lines omitted for clarity. 

Fig. 9 is a plot of output laser power of a fiber laser according 
25 to Fig. 8. 

Fig. 10 is a broken away bar chart illustrating a graded 
characteristic which may be employed in a fiber laser according to 
Fig. 8. 
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Fig. 1 1 is a sectional, end elevation view of a single core 
double clad fiber for a clad-pumped fiber laser, with sectioning lines 
omitted for clarity. 

Fig. 1 2 is a broken away bar chart illustrating, not to any 
5 scale, the index of refraction of the core in the fiber of Fig. 1 1 . 

Mode(s) for Carrying Out the Invention 

Referring to Fig. 1, a laser fiber 19 comprises a plurality of 
doped fiber cores, including a central core 20 and a ring of six cores 
21 forming an isometric pattern. The cores 20, 21 are surrounded 

10 by an inner cladding 22 which is within an outer cladding 23, all of 
which is surrounded by a protective coating 25. According to the 
invention, the cores 21 are provided with an index of refraction 
which is less than the index of refraction of the core 20, as 
illustrated by the bars 21a and 20a, respectively, in Fig. 2. For 

1 5 example, the ring of Fig. 1 may have a V-value of 1 .6 whereas the 
central core 27 may have a V-value of 2.4. Naturally, the pump 
cladding 22 has a much lower index of refraction as illustrated by the 
bar 22a. The difference in the index of refraction of the cores 21 
from that of the core 20 need only be on the order of 1 % in order to 

20 accomplish approximately a two-fold increase in the power (20b in 
Fig. 3) of the in-phase fundamental supermode, in contrast with the 
power of the in-phase supermode achievable when the index of 
refraction is equal in all the cores, as is true in the prior art. Even 
though the difference in refractive indices between the cores is very 

25 slight, the wave guiding effect integrated over a very long fiber 

length produces a strong focusing of the power toward the central 
axis of propagation. The total output power comprises a coherent 
sum of five supermodes, the central beam representing the in-phase 
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supermode containing more than half of the total power, as 
illustrated in Fig. 3. 

In Fig. 4, a fiber laser 26 has a central core 27 surrounded by 
a first ring of six cores 28 which in turn is surrounded by a second 
5 ring of twelve cores 29. The cores are dispersed in pump cladding 
30 surrounded by outer cladding 31 and a protective layer 32. With 
graded index of refraction as illustrated by the bar chart of Fig. 5, 
even though there is only a slight difference between the index of 
refraction 28a, 29a, of the inner and outer rings 27, 28, and only a 

1 0 small difference in the index of refraction 27a, 28a of the central 
core 27 and the first ring of cores 28, will nonetheless produce 
output power comprising a coherent sum of as many as 1 9 
supermodes, with the central beam representing the in-phase 
supermode containing more than 90% of the total power, as 

1 5 illustrated in Fig. 6. 

The significant results indicated in Fig. 6 for graded index of 
refraction as illustrated in Fig. 5 results because more gradations in 
the index profile creates a smoother grading, and it also extends the 
mode-fields of the outer rings further into the cladding {the waves 

20 spread out). As a result, both the beam intensity and the beam size 
of the in-phase fundamental supermode (27b) are increased at the 
expense of reducing the intensities of higher-ordered supermodes 
(28b, 29b). A change in the refractive index can be accomplished by 
changing either the dopants or the doping concentrations in the silica 

25 network. For example, when Ge0 2 dopant is introduced into 

borosilicate glass, it will change the refractive index by about 1 .2%. 
This is usually accomplished by hydrolyzing a mixture of SiCI 4 and 0 2 
with an additive such as GeCI 4 vapor to produce Ge doped Si0 2 
deposited on a pure Si0 2 substrate. There are other mixtures, known 
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in the art of modifications of glass network, which can also be used 
to produce a variation in refractive index. Therefore, a graded index 
profile, as shown in Figs. 2 and 5, between the isometric rings can 
readily be made to re-distribute the laser power accordingly towards 
5 the center of the concentric rings. 

A similar effect can be achieved by varying the doping 
concentration of the stimulating (lasing) ions such as Yb 3+ and Er 3+ 
or both in a codoped system. This will provide a graded gain which 
will concentrate the power, but results in lower overall gain. 

1 0 Another way in which the power of the various supermodes 

can be transferred into the in-phase fundamental supermode, as 
illustrated in Figs. 3 and 6 is to have a gradation in the core 
dimension (such as diameter). This also will provide a concentration 
of power of the supermodes in a single, in-phase fundamental 

15 supermode as illustrated in Figs. 3 and 6, but also results in lower 
overall gain. Therefore, the preferred method of implementing the 
present invention is to provide cores having a graded index of 
refraction. 

A feature of the invention is that grading of the index of 
20 refraction or dimension of the cores as described hereinbefore has the 
effect of extending the mode-fields further into the cladding. 
Because of this, the cores can then be located much further from 
each other (as much as five-fold) without significant reduction in the 
evanescent-wave interaction between the cores over a long fiber 
25 length. According to the invention, the center-to-center spacing of 
the cores may be between 15 and 50 microns. In such a case, the 
single, concentrated beam of power may nonetheless be spread 
across, say, 1 5-40 microns or so, compared to 1 0 microns of the 
prior art, thus reducing the power density while increasing the power. 
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Referring to Fig. 7, a polarized fiber laser 34 includes a single 
core 35, doped with rare-earth ions, is configured in the shape of a 
narrow rectangle, with an aspect ratio of at least two between the 
length and width. The core is embedded in a large pump cladding 36 
5 which in turn is within an outer cladding 37, all of which is covered 
by a protective layer 33. In a rectangular core, the allowed 
characteristic modes are the transverse-electric TE 0 and the 
transverse-magnetic TM 0 modes. Because the refractive index of the 
core is greater than that of the clad, the resulting property of the 

10 rectangular waveguide formed by the core 35 is that a larger portion 
of power propagating in the pump cladding 36 is the TM 0 modal 
power, rather than the TE 0 modal power. Since the loss in the 
cladding is always much larger than that in the core, the propagation 
loss for the TM 0 mode is larger than that for the TE 0 mode so that, 

1 5 over a very long fiber length, only the TE 0 mode can survive. 

Furthermore, a core of an oblong shape (non-circular) will remove the 
two-fold degeneracy of the HE n mode of a cylindrical fiber 
waveguide. Therefore, the laser output contains only the linearly 
polarized TE 0 mode with a polarization oriented along the longer axis 

20 of the rectangular core 35. The core 35 need not be rectangular, so 
long as it is oblong, and may for instance be slightly rounded or 
highly elliptical. 

In Fig. 8, a polarized fiber laser 40 includes a plurality of 
rectangular cores 42 within a circular pump clad 43 which is 

25 surrounded by outer cladding 44 and a protective layer 45. The 
cores 42 form a phase-locked linear array and provides a linearly 
polarized, high-brightness laser beam 48, Fig. 9, located at the center 
of the array, with a series of small side lobes 49. 
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The array of Fig. 42 may be provided with a graded modal 
discriminating characteristic, as illustrated in Fig. 10, which may be 
either a gradation in index of refraction, gain, or core dimension. In 
such a case, substantially all of the power will be in a single, central 
5 beam. 

In Fig. 1 1 , a single core 50, doped with a rare-earth lasing 
ion, is within a pump cladding 51 surrounded by outer cladding 52 
and a protective layer 53. The core 50 is large, on the order of 50 
microns, and has a graded characteristic, such as index of refraction, 

10 which is largest in the center and is progressively lower toward the 
periphery, as is illustrated in Fig. 12. 

In all of the embodiments herein, the cross sectional shape of 
the pump cladding 22, 29, 36, 43 is optional. It is simplest to use 
round cladding 43 (Fig. 8). Rectangular cladding 36 {Fig. 7) that is 

1 5 not square assists in absorbing more of the pump power. But 

square/rectangular cladding 22, 29 (Figs. 1 and 4) works well and is 
relatively simple. Thus, the various aspects of the invention may be 
practiced with variously shaped cladding as is desired in any 
implementation thereof. 

20 The aforementioned patent is incorporated herein by 

reference. 

Thus, although the invention has been shown and described 
with respect to exemplary embodiments thereof, it should be 
understood by those skilled in the art that the foregoing and various 
25 other changes, omissions and additions may be made therein and 

thereto, without departing from the spirit and scope of the invention. 

We claim: 
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Claims 


1 . A clad-pumped, double clad, fiber laser, comprising: 

one or more cores disposed within a pump cladding; 

each core doped with a rare earth lasing ion; 

each core having an oblong cross section; 
5 there being either (a) a single core or (b) a central core and 

additional cores disposed outwardly of said central core, oriented in 
an array along a line inclusive of the center of said cladding with their 
long axes perpendicular to said line and with an equal distance 
between the centers of adjacent cores; 
10 thereby to provide a linearly polarized output laser beam; 

there being a mode discriminating core characteristic selected 
from (c) index of refraction, (d) gain, and (e) cross sectional 
dimension, said characteristic, in a fiber having a single core, being 
greatest at the center of said single core and progressively lower 
1 5 toward the periphery of said single core, said characteristic of said 

central core, in a fiber having additional cores, being greater than said 
characteristic of all others of said cores, said characteristic of each 
one of said other cores being lower than said characteristic of any of 
said cores that are closer to said central core than said one of said 
20 cores; 

thereby causing radiation in said cores to phase-lock and 
transfer laser power coherently into a linearly polarized, bright laser 
beam of the fundamental in-phase supermode from all higher order 
supermodes belonging to the same array structure. 


2. A clad-pumped, double clad, fiber laser, comprising: 
one or more cores disposed within a pump cladding; 
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each core doped with a rare earth lasing ion; 
there being either (a) a single core or (b) a central core and 
5 additional cores disposed outwardly of said central core; 

there being a modal discriminating core characteristic selected 
from (c) index of refraction, (d) gain, and (e) cross sectional 
dimension, said characteristic, in a fiber having a single core, being 
greatest at the center of said single core and progressively lower 
1 0 toward the periphery of said single core, said characteristic of said 

central core, in a fiber having additional cores, being greater than said 
characteristic of all others of said cores, said characteristic of each 
one of said other cores being lower than said characteristic of any of 
said cores that are closer to said central core than said one of said 
1 5 cores; 

thereby causing radiation in said cores to phase-lock and 
transfer laser power coherently into a bright laser beam of the 
fundamental in-phase supermode from all higher order supermodes 
belonging to the same array structure. 


3. A laser according to 
there are a plurality of cores 
of said cores being between 1 5 and 


claim 2 wherein: 

with the center to center spacing 
50 microns. 


4. A laser according to claim 2 wherein: 

the cross section of said pump cladding is circular. 

5. A laser according to claim 2 wherein: 

the cross section of said pump cladding is rectangular. 
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6. A laser according to claim 2 wherein: 
each core has an oblong cross section; 

there being either (f) only one core or (g) a plurality of cores 
oriented in an array along a line inclusive of the center of said 
cladding with their long axes perpendicular to said line and with an 
equal distance between the centers of adjacent cores; 

thereby to provide a linearly polarized output laser beam. 

7. A laser according to claim 2 wherein: 
there is only one core. 

8. A laser according to claim 2 wherein: 

there are a plurality of said cores are arranged isometrically in 
at least one ring surrounding said central core. 

9. A laser according to claim 8 wherein: 

there is only one ring of six cores surrounding said central 

core. 

10. A laser according to claim 8 wherein: 

there is a first ring of six cores surrounding said central core 
and a second ring of twelve cores surrounding said first ring. 

11. A laser according to claim 2 wherein: 
said characteristic is index of refraction. 

12. A laser according to claim 2 wherein: 

there are a plurality of cores and said characteristic is gain. 
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1 3. A laser according to claim 2 wherein: 

there are a plurality of cores and said characteristic is cross 
sectional dimension. 

14. A clad-pumped, double clad, fiber laser, comprising: 
one or more cores disposed within a pump cladding; 

each core doped with a rare earth lasing ion; 
each core having an oblong cross section; 
5 there being either (a) a single core or (b) a central core and 

additional cores disposed outwardly of said central core, oriented in 
an array along a line inclusive of the center of said cladding with their 
long axes perpendicular to said line and with an equal distance 
between the centers of adjacent cores; 
10 thereby to provide a linearly polarized output laser beam. 

1 5. A laser according to claim 14 wherein: 
there is only one core. 

1 6. A laser according to claim 14 wherein: 

there are a plurality of cores with substantially the same 
cross sectional area as each other of said cores. 

17. A laser according to claim 14 wherein: 

there are a plurality of cores with substantially the same 
refractive index. 

18. A laser according to claim 14 wherein: 
there are a plurality of cores, said cores having a 

characteristic selected from (a) index of refraction, (b) gain, and (c) 
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cross sectional dimension, said characteristic of said central core 
5 being greater than said characteristic of all others of said cores, said 
characteristic of each one of said other cores being lower than said 
characteristic of any of said cores that are closer to said central core 
than said one of said cores; 

thereby causing radiation in said cores to phase-lock and 
1 0 transfer laser power coherently into a bright laser beam of the 

fundamental in-phase supermode from all high order supermodes 
belonging to the same array structure. 

1 9. A laser according to claim 14 wherein: 

there are a plurality of cores, the center to center spacing of 
said cores is between 15 and 50 microns. 

20. A laser according to claim 14 wherein: 
said pump cladding has a circular cross section. 

21 . A laser according to claim 14 wherein: 
each core is rectangular. 
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Abstract 


Modal Discriminating and Linearly Polarized Fiber Lasers 


A single core 35, 50 or a plurality of cores arranged in rings 
21 , 28, 29 around a central core 20, 27, or in an array 42, are 
provided with either or both of (a) a modal discrimination 
characteristic, including gain, index of refraction and cross sectional 
area, which is greatest in the center of the core or the array, and 
lowers outwardly therefrom, and (b) an oblong cross section, thereby 
to provide either or both of (c) a bright laser beam of the fundamental 
in-phase supermode, and/or (d) a linearly polarized output beam. 
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